The pH-regulated expression of the acid (AXP) and alkaline (AEP) extracellular proteases of the yeast Yarrowia lipolytica 148 was analysed. Expression in batch and continuous cultures was determined at the mRNA level by Northern blotting, and at the enzyme level by enzyme assays and Western blotting. Culture pH regulated AEP and AXP expression predominantly at the level of mRNA content. Highest levels of AEP mRNA were detected at pH 6 5 whereas highest levels of AXP mRNA were detected at pH 5.5. At pH values either side of these maxima AEP and AXP expression were progressively down-regulated. For both enzymes, the variation in mRNA levels with culture pH occurred progressively rather than by discrete steps. AXP expression did not occur above pH 79. Some degree of AEP expression occurred at all pH values tested in two unrelated strains of Y. /ipo/ytica.
INTRODUCTION
Yarrowia lipolytica (syn. Saccharomycopsis lipolytica, Candida olea, Candida lipolytica) is a dimorphic yeast that secretes several relatively large proteins (reviewed by Heslot, 1990) . Of these, the alkaline extracellular protease (AEP) is the major protein secreted by many strains (Ogrydziak & Scharf, 1982) and at least one acid extracellular protease (AXP) is secreted (Yamada & Ogrydziak, 1983; Nelson & Young, 1987) . The AEP structural gene, XPR2, has been cloned and sequenced (Davidow et al., 1987) and two upstream activation sequences (UASs) that regulate its expression identified (Blanchin-Roland et al., 1994) . Recently, the acid extracellular protease structural gene (AXP) of Y. lipolytica 148 was also cloned and sequenced (Young et al., 1996) . The expression of both genes was found to be regulated by environmental pH at the level of mRNA content in Y . lipolytica 148 when grown in buffered shake-flask cultures (Young et al., 1996) . At pH 7.5 only AEP mRNA was detected, whereas at pH 5.5 only AXP mRNA was detected. Dominant mutations affecting the pH-regulated expression of AEP and AXP have also been identified (Otero & Gaillardin, 1996) . The mutations, which mimicked the effects of growth at alkaline pH irrespective of the culture pH, mapped to two genes designated RPHl and RPH2.
Yeast extracellular proteases (reviewed by Ogrydziak, 1993) are of particular interest for their direct commercial applications, and their potential use in expression systems for the production of heterologous proteins. The Y. lipolytica XPR2 promoter and some parts of the XPR2 gene that provide secretory and processing signals have been used in constructs to direct the synthesis and secretion of prochymosin, human anaphylatoxin CSa, porcine al-interferon, invertase, tissue plasminogen activator and the hepatitis B virus middle surface antigen (Franke et al., 1988 ; Ogrydziak, 1993 ; Heslot, 1990 ; Nicaud et al., 1989 ; Tharaud et al., 1992; Hamsa & Chattoo, 1994) . The extracellular proteases of the yeast Candida albicans and of species of the ascomycete fungus Aspergillus have received special attention for their role in pathogenesis (reviewed by Hensel et al., 1995) . (Trumbly, 1992; Crawford & Arst, 1993; Caddick, 1994; Ronne, 1995) , relatively little is known of the control of gene expression by environmental pH. Jarai & Buxton (1994) showed that the expression of the Aspergillus niger extracellular acidic proteases PepA and PepB are regulated by environmental pH at the level of mRNA content. In Aspergillus nidulans the PacC zinc finger transcription factor has been shown to mediate regulation of numerous acid-and alkaline-expressed genes by environmental pH . At alkaline environmental pH, PacC activated transcription of alkaline-expressed genes and repressed transcription of acid-expressed genes. PacC itself was shown to be activated by proteolysis of a carboxyl-terminal moiety in response to alkaline pH . Six genes, designated palA, -B, -C, -F, -H and -I, are believed to be involved in the transduction of an alkaline pH signal necessary for the activation of PacC (Caddick et al., 1986; Arst et al., 1994; Tilburn et al., 1995) . PacC homologues have also been identified in A. niger (MacCabe et al., 1996) and Penicillium chrysogenum (Suarez & Pefialva, 1996) .
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In C. albicans, pH, among other factors, hasbeen shown to regulate mRNA levels of a secreted aspartyl protease, SAP2 (Hube et al., 1994) . SAP2 is one of several aspartyl proteases secreted by C. albicans. However, the regulatory proteins that control the expression of the SAP genes have yet to be identified. A gene, designated P H R l , required for morphogenesis in C. albicans has been shown to be regulated by the pH of the culture medium (Saporito-Irwin et al., 1995) . PHRl expression was repressed below pH5.5 and induced at more alkaline pH. The predicted amino acid sequence of the PHRl protein was 56% identical to that of the Saccharomyces cereuisiae Ggpl/Gasl protein, a highly glycosylated cell surface protein attached to the membrane via glycosylphosphatidylinositol.
Here we describe the pH-regulated expression of the A X P and XPR2 genes of Y . lipolytica 148 grown under precise physiological conditions in batch and continuous culture.
METHODS
Strains. Y . lipolytica strains 148 (Nelson & Young, 1987) , CX161-1B MATA adel (Ogrydziak & Scharf, 1982) and 21101-9 MATA adel leu2-35 lys2-5 xpr2 (Gaillardin & Ribet, 1987) were maintained by subculture on Difco YM agar. Starter cultures were grown on Difco YM broth at 28 "C for 48 h. Batch culture. Y . lipolytica 148 starter cultures (10 ml) were inoculated into 100 ml YM broth and incubated at 30 "C on an orbital shaker for 36 h. From these cultures 20 ml was inoculated into 500 ml 2% (w/v) BSA, 1 '/o (w/v) glucose, 0143 O/ O (w/v) Gibco yeast nitrogen base without amino acids and ammonium sulphate and 0.1% (v/v) of the antifoam Pluronic F-68 (Sigma), prepared as described previously (Young et al., 1996) . Glucose solution and pluronic F68 were sterilized by autoclaving (121 "C, 25 min) whereas BSA and Gibco yeast nitrogen base without amino acids and ammonium sulphate were filter-sterilized through a 0-2 pm Sartobran-PH capsule (Sartorius). Cultures of 500 ml were grown in 500 ml working volume vessels mounted on a Sixfors Multiple Fermenter System (Infors). Culture pH was controlled at a range of values between 3.5 and 7.5 by automatic titration with 0.5 M H2S04 and 0-5 M NaOH. Cultures were agitated at 650 r.p.m. and sparged with air at 50 ml min-'.
For shake-flask culture, 5-10 ml starter culture was inoculated into 100 ml of the above medium without Pluronic F-68. The starting pH was adjusted to 40. For growth of strain CX161-lB, adenine was added to 50 mg ml-'. For growth of strain 21101-9, adenine and lysine were added to 50 mg ml-l and leucine to IOO mg ml-'. was grown in a 2 litre fermenter (Life Science Laboratories) in batch mode to late-exponential phase. The culture was then grown as a glucose-limited chemostat by the addition of a feed medium (as above) at a dilution rate (D) of 0.1 h-'. The working volume of the chemostat was 1.2 litres and the temperature was maintained at 30 "C. Dissolved oxygen tension (DOT) was measured by a galvanic oxygen probe (Ingold) and maintained above 40% air saturation by agitation at 850 r.p.m. and sparging with air (1 vessel vol. min-l). pH was controlled at a range of steady-state values k0.02 by automatic titration with 0 5 M H2S04 and 0.5 M NaOH. Culture pH was measured by two Ingold pH electrodes. One electrode was connected to the fermenter control unit as part of the pH control circuit and the other to an independent pH meter. Carbon dioxide production ( rco,), oxygen consumption (qo,) and respiratory quotient (RQ) were monitored continuously by connecting the fermenter head space to an MM8-80 gas analysis mass spectrometer (VG Gas Analysis Systems). A minimum of five fermenter volume changes were allowed for the establishment of new steady states when the pH of the chemostat was altered. Steady states were determined by constant biomass concentration, rco,, qo, and R Q readings.
Continuous
Assays. In all cultures protease activity was monitored by measuring the hydrolytic activity of culture supernatants on a haemoglobin substrate at pH3-2 for AXP, and an azocoll substrate (Sigma) at pH 7-5 for AEP (Nelson & Young, 1987) . Assay volumes were scaled down from those described by Nelson & Young (1987) to 1-5 ml and 1.2 ml for the AXP and AEP assays, respectively. Dry weight biomass concentrations were determined according to Mallette (1969) . Glucose concentration in chemostat effluent was measured with a glucose GOD-Perid assay kit (Boehringer Mannheim).
Isolation of total RNA. Where possible, fresh Y . lipolytica cells were used for RNA isolation. When this was not possible, cell pellets were frozen in liquid nitrogen and stored at -70 "C. Total RNA was isolated from 10-20 ml culture essentially as described by Young et al. (1996) .
Northern blot analysis. Volumes equivalent to 10 pg RNA precipitate were purified further by lithium chloride precipitation (Wallace, 1987) (Sambrook et al., 1989) . The gel was neutralized in 10 % (w/v) glycine for 25 min before the RNA was blotted onto a Sartorius Nitrocellulose Extra Blotting membrane (Sambrook et al., 1989) . RNA was cross-linked to the membrane by baking at 80°C under vacuum for 2 h in a Gallenkamp vacuum oven. Membranes were prehybridized for 1-2 h in hybridization mix (6 x SSC, 5 x Denhardt's solution, 0.1 % (w/v) SDS, 100 pg denatured calf thymus DNA ml-l) at 68 "C in a Hybaid mini hybridization oven. Probes were denatured (100 "C, 5 min), added to the hybridization mix and hybridized overnight at 68 "C. Membranes were washed twice in 2 SDS for 30 min at 68 "C. Membranes were then exposed for 3 -4 d to a Molecular Dynamics phosphor screen which was scanned on a Molecular Dynamics PhosphorImager. Specific mRNA levels were quantified using Molecular Dynamics ImageQuaNT software. Membranes were stripped between hybridizations with different probes by washing for 2 x 1 h in strip buffer (5 mM Tris/Cl pH 8.0, 0.1 mM EDTA, 0.5% (w/v) sodium pyrophosphate, 0.1 x Denhardt's solution) at 65 "C.
Preparation and labelling of probes. The AXP probe was a 257 bp BamHI-NcoI restriction fragment from a 500 bp BarnHI-SalI fragment of clone 13.1 subcloned into pUC9 (Young et al., 1996) . The actin probe was a 300 bp XhoI-XhoI restriction fragment of the Y . lipolytica ACT1 gene (S. Blanchin-Roland, personal communication) cloned into pINA1103 (a gift from S . Blanchin-Roland INRA, Grignon, France). The AEP and pyruvate kinase (PYK) probes were 258 bp DNA fragments prepared by PCR from Y . lipolytica genomic DNA. Genomic DNA (1 pg) and 8 pg oligonucleotide primers (Alta Biosciences, University of Birmingham) were used in a 100 pl reaction volume with standard PCR reagents and Taq DNA polymerase from Promega. The sequences of primers used for amplification of the XPR2 gene fragment (Davidow et al., 1987) were : AEP2,5'-GAT TCT AGA CAG GCC CCA-3'; and AEP3, 5'-AAG CTG GAC TCT CTG GTC-3'. Amplification was by 30 cycles of: 94 "C for 30 s; 50 "C for 30 s ; and 72 "C for 60 s. The sequences of the primers used for amplification of the PYK gene fragment (Strick et al., 1992 (Strick et al., , 1994 were: PYK2, 5'-CTC AAC ACC AAA CTT GAG ATC GGC-3'; and PYK3, 5'-GAC CAG TGC GAC GAT AAG ATC ATG-3'. Amplification was by 30 cycles of: 94 "C for 30 s ; 55 "C for 30 s; and 72 "C for 60 s. All probes were purified on bis-acrylamide gels and isolated by electroelution in 0.1 x TBE (Sambrook et al., 1989) . Probes (-1 ng) were labelled with [a-32P]dCTP [ >3000 Ci mmol-l (>111 TBq mmol-l), Amersham] using a 16012 Multiprime labelling kit (Amersham) . Unincorporated nucleotides were removed by passing the labelling mix down a Sephadex G5O spin column.
Preparation of antisera and Western blot analysis. Polyclonal antiserum against AXP was raised in a 3 kg New Zealand White rabbit using purified AXP. SDS-treated, purified AXP (100 pg) was diluted 1 : 1 in Freund's complete adjuvant and injected intradermally at several sites behind the ears of the animal. A single booster injection containing 100 pg SDStreated purified AXP diluted 1:l in Freund's incomplete adjuvant was administered 21 d after the initial immunization. A total bleed was taken 49 d after the first immunization. An enriched IgG fraction was partially purified from serum by an initial ammonium sulphate (50 '/o saturation) precipitation step overnight at 4 "C. The IgG-containing supernatant was treated with a second ammonium sulphate (50 '/o saturation) precipitation step overnight at 4 "C. The pellet was dissolved in half the original serum volume in PBS (2 mM potassium dihydrogen orthophosphate, 4 mM disodium hydrogen orthophosphate, 3 mM KCl, 140 mM NaC1, pH 7.4) and dialysed at 4 "C for 16 h against three changes of PBS. The enriched IgG fraction was stored in small aliquots at -20 "C.
Polyclonal antiserum raised against purified AEP was a gift from J.-M. Beckerich INRA, Grignon, France.
Proteins were extracted from culture supernatants by addition of 0.35 ml ice-cold 50% (w/v) trichloroacetic acid (TCA) to 1 ml culture supernatant. After 5 h, TCA precipitates were pelleted, washed with acetone, dissolved in 50 pl Laemmli sample buffer [60 mM Tris/HCl pH 6*8,2'/0 SDS, 10% (v/v) glycerol, 50 mM DTT] and denatured by incubating at 95 "C for 5 min. Samples (2 pl) were run in SDS-PAGE gels (10 ' /o, w/v, acrylamide) according to Laemmli (1970) . Separated proteins were transferred electrophoretically to Bio-Rad Trans-blot nitrocellulose at 90 mA for 30 min in 48 mM Tris, 38 mM glycine, 0037% SDS, 20% (v/v) methanol using an LKB Bromma 21 17 Multiphor I1 electrophoresis unit (Towbin et al., 1979) . Efficiency of transfer was checked by Ponceau S staining. Non-specific sites were blocked by incubation of blots at room temperature for 1 h in 2% (w/v) gelatin in TTBS [20 mM Tris/HCl pH 8.0, 0-5 M NaC1, 0.05% (v/v) Tween 201. AXP antiserum at a dilution of 1:8000 or AEP antiserum at a dilution of 1 : 8000 in TTBS was incubated with the blot at room temperature for 1 h with shaking. Blots were then washed for 3 x 10 min in TTBS and incubated with a 1 : 10 000 dilution of alkaline-phosphatase-conjugated goat anti-rabbit IgG (Sigma) for 1 h at room temperature with shaking, After 3 x 10 min washes in TTBS and 1 x 10min wash in buffer 2 (01 M Tris/HCl pH 9.5, 0.05 M MgCl,, 0.1 M NaCl), alkaline phosphatase activity was detected by incubating the blot with BCIP/NBT (Sigma) substrate dissolved in buffer 2 until AXP or AEP bands became visible. The reaction was stopped by rinsing the blots with distilled water.
RESULTS AND DISCUSSION

Relationship between mRNA content and pH in continuous culture
Previous observations with buffered shake-flask cultures have indicated that mRNA levels of both AXP and AEP vary with pH of the culture medium (Young et al., 1996) state in a continuous culture key parameters that might affect XPR2 and AXP expression, such as growth rate and nutrient availability, are constant. Therefore, if pH is the only variable then any change in mRNA content must be a reflection of the environmental pH. The PYK gene was included as an internal control for Northern blot analysis of continuous cultures. PYK is a key enzyme in the glycolytic pathway and would therefore be expected to be expressed at a constant level in a glucose-limited chemostat. Fig. 1 . shows that AEP and AXP mRNA amounts vary with culture pH. The level of AEP mRNA was highest at pH 6-5, a pH considerably lower than the optimum of 8-9 (Nelson, 1986) for AEP activity. XPR2 expression was significantly down-regulated at pH 4.5. AXP mRNA levels were highest at pH 5.5 which, although acidic, is again considerably higher than the optimal pH of 3.2 (Nelson, 1986) for AXP activity. AXP expression appeared to be significantly down-regulated at pH 7.0 and above in these cultures. However, a relatively high amount of AXP mRNA was detected at the near neutral pH of 6.5. For both enzymes, the change in mRNA level with culture pH appeared to occur progressively rather than by discrete steps.
Actin and PYK internal controls
Little is known about PYK and actin expression in Y . lipolytica. PYK expression appeared to be constant at a constant growth rate in a glucose-limited chemostat (see above) but was found to vary with growth rate in batch culture (D. J. Glover, unpublished observations). Subsequent studies with Y . lipolytica batch cultures therefore required a more suitable internal control. Actin 
mRNA is commonly used as an internal control for
Northern blot analysis in batch cultures of S. cerevisiae (Moore et al., 1991 ; Cereghino & Scheffler, 1996) and A. nidulans (Espeso et al., 1993; Tilburn et al., 1995; Fillinger & Felenbok, 1996) . The structural gene in Y . lipolytica encoding actin (ACTI) has recently been cloned and sequenced (S. Blanchin-Roland, personal communication). To determine if ACT1 expression varies with culture pH, a fragment of the ACT1 gene (a gift from S. Blanchin-Roland) was hybridized with Northern blots of RNA extracted from continuous cultures at different steady-state pH values (Fig. 2) . The amount of actin mRNA in each lane was compared with the amount of PYK mRNA (which was reasoned to be constant in a glucose-limited chemostat) and shown to vary little over a range of pH values between 3.5 and 7.0. Only a slightly elevated level of actin mRNA was observed at pH 7.5. Furthermore, Northern blot analyses of Y . lipolytica batch cultures grown under a range of conditions showed actin mRNA levels to be consistent with rRNA loadings (unpublished). It was therefore concluded that actin mRNA would be a good internal control in subsequent studies on the effects of environmental pH on mRNA levels in Y. lipolytica.
Effect of pH on growth and extracellular protease production in batch culture
Culture pH was found to have a marked effect upon growth and protease production by Y . lipolytica 148. Cultures (500 ml) were grown at a range of pH values in fermenters with automatic pH control and in a medium containing BSA as the sole source of nitrogen. Growth and protease production were monitored throughout the fermentations (Fig. 3) . Acidic growth conditions (pH 3-5 and 5.0; Fig. 3a, b) resulted in high biomass attainment and growth rates. However, growth under mildly acidic conditions (pH 6.0; Fig. 3d ) was very poor with biomass concentration reaching less than a third of that seen at pH 3.5 (Fig. 3a) . At more alkaline pH (6.5, 7.0, 7.5; Fig. 3e-g Fig.  3 . The blots were hybridized separately with actin, AEP and AXP probes and the specific amounts of each mRNA quantified using an MD Phosphorlmager. The specific amounts of AEP and AXP mRNA were referenced to the amount of actin mRNA (the internal control) on the blot and are shown beneath the respective panels. The amount of actin mRNA in each lane was taken as 100%.
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concentrations reached only half of that seen at pH 3.5 (Fig. 3a) .
AEP and AXP production varied considerably with culture pH (Fig. 3) . The highest levels of AXP activity were detected in cultures grown at pH 5.0 and 5.5 and not at pH 3.5, the pH optimal for growth. In fact, AXP activity in cultures grown at pH 3.5 was less than a quarter of that observed during growth at pH 5.0 and 5.5 and about a third of that seen at pH 6.0. However, this observation may not be a direct result of pH regulation but rather could be a reflection of the relative activity of AXP at the different pH values. In the assay, AXP activity is always measured at the optimum pH (3.2) for enzyme activity. However, the enzyme may be produced under conditions sub-optimal for activity (e.g. at pH 5.5 or 6.0). The figure for AXP activity derived from the assay is therefore an indicator of the amount of enzyme produced but is not necessarily an indicator of the activity of the enzyme under the conditions in which it is produced. At pH 3.5, close to the enzyme's optimum pH of 3.2, AXP is much more active than at pH5-6 and must, therefore, be more efficient in the conversion of its protein substrate to peptides suitable for assimilation by the cell. Satisfaction of cellular nitrogen requirements may then have a negative regulatory effect upon AXP production. Since at pH 5-6 AXP is less active, enzyme production remains derepressed and higher amounts of AXP are produced to satisfy cellular requirements. The situation is less clear for AEP production. The highest levels were produced at pH 6.5-75 but significant levels were detected as low as pH 5.0 and very little at pH 3-5. The relatively low activity of both AEP and AXP at pH 6.0 may explain the poor growth observed at this PH.
Effect of culture pH on AXP and XPR2 mRNA quantities in batch culture RNA was extracted from cells grown at different pH values (Fig. 3) and analysed by Northern blotting (Fig.  4) . Samples were taken (as indicated by the numbered arrows in Fig. 3) for RNA analysis at early-exponential (arrow I), early/mid-exponential (arrow 2), and end of exponential/beginning of stationary (arrow 3) phases of growth. Generally, at pH values where AXP and AEP transcripts were detected, mRNA was detected in earlyexponential phase and its level increased during growth up to the late-exponential/early-stationary-phase samples. Exceptions were cultures grown at pH 7.0 and 7.5 where mRNA levels remained fairly constant during Expression of Y . lipolytica extracellular proteases growth. However, direct comparison between similar growth phase samples taken from cultures grown at the different pH values is complicated by the pronounced effect culture pH has on growth rate and biomass yield (Fig. 3) . The presence of AEP and AXP mRNA in early samples suggests that glucose starvation is not a prerequisite for transcriptional activation of the XPR2 and AXP genes.
Quantitative data on AXP and AEP mRNA levels in batch culture compared well with the continuous culture data. The highest quantity of AXP mRNA was detected at pH 5.5 in both types of culture. Similarly, the highest quantity of AEP mRNA was detected at pH 6.5 in batch and continuous culture. In a previous study (Young et al., 1996) , no AEP mRNA was detected in batch cultures grown at pH5.5 and below. However, in this study significant amounts of AEP mRNA were detected at pH 5.5 and below in both batch and continuous cultures. This is probably a reflection of the more sensitive method of mRNA detection and the different growth conditions used in this study. Here, PhosphorImager technology was used for mRNA detection whereas previously (see Fig. 5 , Young et al., 1996) conventional X-ray film was used. This study has also shown that regulation by pH in both batch and continuous cultures (Figs 4 and 1, respectively) occurred progressively with no sharp cut-off at any pH. This is consistent with a model for the involvement of the PacC zinc finger transcription factor in the control of pH-regulated genes in A. nidulans Orejas et al., 1995) .
In the model, a truncated form of PacC activates transcription of alkaline-expressed genes and represses acid-expressed genes. The relative amount of truncated and full-length form of PacC is dependent upon ambient pH and is also a response that occurs progressively rather than by discrete steps .
Putative PacC recognition sequences are present in the promoter regions of both XPR2 and AXP and there is strong evidence that a protein homologous to PacC is involved in the control of pH-regulated genes in Y.
lipolytica (C. Gaillardin, personal communication) .
The data from batch and continuous culture experiments clearly show that culture pH regulates AEP and AXP production at the level of mRNA content (Figs 4,  1) . However, it is not yet clear whether mRNA levels are regulated through gene transcription, mRNA stability or both. Also, other control mechanisms, such as those affecting translation or secretory transit, may be involved in the regulation of AEP and AXP expression and require further investigation.
Secretion of AXP and AEP in batch culture
It has been shown above that XPR2 and AXP expression occurs over a range of pH values including some at which AEP and AXP are relatively inactive. T o check whether transcription of XPR2 and AXP leads to secretion of AEP and AXP proteins, batch culture supernatants were subjected to Western blot analysis with antisera raised against AEP (Fig. 5a) or AXP (Fig.  5b) . AEP antiserum was previously shown not to crossreact with purified AXP and likewise, AXP antiserum does not cross-react with purified AEP (R. K. McEwen, unpublished) . Western blot analysis allows the detection of AEP and AXP independently of enzyme activity. This is important because an enzyme secreted at a pH far from its optimum for activity may be denatured at that pH and undetectable by protease assays. The culture supernatants used in Western blots correspond to sampling point 3 in each culture (Figs 3, 4) . The major protein detected by antiserum raised against AEP migrated with purified 31 kDa AEP and was present at all pH values, even 3.5. The unexpected positive reaction at pH 3-5 was verified with Western blots of other culture supernatants taken at different sampling points (results not shown). This is surprising as AEP mRNA was not detected at p H 3.5 and the enzyme is virtually inactive at this pH. Presumably some AEP mRNA must be present, or has been at some time, for the protein to be produced. It is possible that transcription of XPR2 was down-regulated early in the growth curve before the (Fig. 5) , was included as a control. Protein extracts were analysed by Western blotting with antiserum raised against purified AEP.
first sampling point for RNA analysis, or simply that the method of mRNA detection used was not sensitive enough to detect the small amounts of AEP mRNA synthesized. It does not necessarily follow that AEP mRNA level should reflect the amount of protein secreted. Highly efficient translational and secretory systems could result in the secretion of significant amounts of protein from a relatively small amount of mRNA.
The major protein detected by antiserum raised against purified AXP migrated with purified 39 kDa AXP during SDS-PAGE. The detection of AXP protein corresponded with the AXP transcript and protease activity profiles in Figs 4 and 3, respectively. Strong reactions were observed at pH 5.0 and 5.5, the pH values that supported the highest levels of AXP production. Weaker reactions were observed at pH 3.5 and 6.0, and reactions at pH 6.5 and 7.0 were very weak. No AXP protein was detected at pH 7.5. However, it is possible that AXP protein may be unstable in the presence of AEP at this pH and therefore was not detected.
To eliminate the possibility that the secretion of AEP over such a wide range of pH values is specific to Y . lipolytica 148, Western blot analysis was done on culture supernatants from strains CX161-1B and 21101-9 grown at acidic pH ( < p H 4.0). Y . lipolytica strains 148, CX161-1B and 21101-9 were grown in unbuffered shakeflask cultures. The starting pH for each culture was 4.0. Growth on glucose causes unbuffered Y . lipolytica cultures to become more acidic. The final pH of each culture was 2.9, 2-9 and 3.7, respectively. The cultures grew at different rates, with strain 148 > CX161-1B > 21101-9. Samples were taken at early-, mid-and lateexponential phases of growth and analysed by Western blotting with antiserum raised against purified AEP (Fig.  6) . Strain 21101-9 is an xpr2 mutant and therefore no AEP was detected in culture supernatants. This strain was included to show that the reaction between AEP antiserum and AEP in culture supernatants from other strains was not caused by cross-reaction with other proteins present in the growth medium. AEP protein was detected in samples taken from cultures of both strains 148 and CX161-1B. AEP was not detected in samples taken during the later stages of growth. This was probably due to a lack of synthesis of new AEP later in the growth phase and degradation of previously secreted AEP upon prolonged exposure to AXP, which is highly active at this pH. The evidence from Fig. 6 suggests that the secretion of AEP at low pH is not strain-specific. Ogrydziak & Scharf (1982) reported that cultures of S. lipolytica CX161-1B grown at pH 6.8 contained high levels of AEP activity and low, but detectable, levels of AXP activity. When grown at pH 3.0, no AEP activity was detected when assayed at p H 9.0. These data are consistent with our observations with strain 148 (Fig. 3) . However, our results suggest that assays for proteolytic activity alone are not sufficient to study the regulation of protease production. The data in Figs 5 and 6 show that significant amounts of AEP are secreted by Y . lipolytica at pH values that reduce or eliminate its activity, emphasizing the importance of examining mRNA and protein levels when studying the regulation of XPR2 and AXP expression.
The Northern and Western blot data presented here suggest that there is at least a basal level of AEP expression at all p H values similar to that seen for the SAP2 protease of C. albicans (Hube et al., 1994) . It is an intriguing, and presently unanswered, question why AEP should be secreted at pH values where it is clearly inactive. The down-regulation of AXP (Figs 1, 4) and absence of secreted AXP above pH 7.0 (Fig. 5 ) follow a more logical regulatory pattern. The AEP secretory pathway has been shown to be quite complex (Matoba et al., 1988; Matoba & Ogrydziak, 1989; Fabre et al., 1991 Fabre et al., ,1992 Enderlin & Ogrydziak, 1994) , whereas AXP is secreted by a relatively simple process in which an AXP proenzyme undergoes activation extracellularly by autocatalytic cleavage at acidic pH, a process analogous to that of pepsinogen A activation in mammals (R. K. McEwen, unpublished) . The differences in XPR2 and AXP regulation and in AEP and AXP secretion suggest
